Abstract-The LHC insertions are equipped with several different types of individually powered superconducting quadrupoles. These units comprise several quadrupole magnets and orbit correctors, and range in length from 5.3 m to 11.3 m. In spite of the variety of types and interface requirements, the design of the quadrupoles is based on the same principle where two welded half-shells provide the rigidity and alignment of the magnets and serve as a helium pressure vessel. In this paper we present the mechanical design of the LHC insertion quadrupoles, describe the initial experience in the assembly of the pre-series units, and report on the alignment measurements.
I. INTRODUCTION
T HE optics flexibility of the LHC insertions is provided by the individually powered quadrupoles in the dispersion suppressors and matching sections. These units comprise several quadrupole magnets of the MQM or MQY type [1] , [2] , arranged to give the necessary field strength. In the dispersion suppressors (quadrupole cells Q8 to Q10), the quadrupoles are part of the continuous arc cryostat, operate at 1.9 K, and although independently powered, provide identical cryogenic and powering interfaces to the adjacent main dipoles as in the regular arc cells. Most of the quadrupoles in the matching sections (quadrupole cells Q4 to Q7) are stand-alone units and are cooled in static helium bath at 4.5 K. Although in principle simpler, their cryogenic and powering interfaces are determined by the local conditions of each insertion (e.g., slope of the tunnel, interference with injection lines etc.)
The insertion quadrupoles range in length from 5.35 m to 11.35 m, and comprise up to seven magnetic elements. The main parameters of the quadrupoles are given in Table I . In total, 82 insertion quadrupoles will be assembled in the LHC Magnet Assembly Facility (MAF) at CERN.
In this paper we present the mechanical design of the LHC insertion quadrupoles, report on the initial experience in the assembly of the pre-series units, and discuss the results of mechanical and alignment measurements.
II. MECHANICAL DESIGN OF THE INSERTION QUADRUPOLES
The conceptual design of the insertion quadrupole is shown in Fig. 1 . The central elements of the assembly are the two half-shells which serve for positioning of the various magnetic elements (quadrupoles and dipole orbit correctors), provide the rigidity for their alignment and serve as a helium pressure vessel. The vessel is closed with two end covers, which also support the elements required for interconnecting the string of LHC cryo-magnets. In particular, the main 13 kA electrical bus work and 1.9 K helium lines are guided by the end covers, and the beam position monitors (BPM) and beam vacuum interconnects are precisely positioned with end covers as reference. The quadrupole is supported in the vacuum vessel on two supports (except for the 10.4 m and 11.35 m long quadrupoles, which have three supports). The thermal shield and other cryostat elements are similar to the LHC main quadrupole [3] . The line-N, which carries the 600 A bus work for the corrector circuits in the LHC arc, also houses the 6 kA cables for powering the insertion quadrupoles.
The design of the insertion quadrupole was validated on several models and on a 3 m prototype. In the following, the main design features are illustrated using examples from the prototype and pre-series quadrupole assembly. 
A. Magnet Alignment
One of the most delicate steps in the assembly of the quadrupoles is the alignment of the magnets, and its preservation throughout the process. Precision alignment cradles are used, in the first instance to individually align the magnets, which are not aligned during yoke assembly [1] , [2] . The yoke laminations have alignment flats designed as contact surfaces for the tooling, and also as references for control. After compressing the cradles, the alignment of individual magnets is completed by tack welding the alignment keys to the laminations.
Subsequently, the individually aligned magnets are placed in the half-shell. They are aligned relative to each other using the cradles which span the full length of the assembly. The operation is completed with tack welding of the alignment keys to the chamfer of the half-shell. Initially, this operation was to be performed in the 17 m welding press in the MAF. During assembly of the prototype, it was found that the force needed was small and that better control and quicker assembly could be obtained using tie bars, as shown in Fig. 2 . 
B. Electrical Connections
Several electrical circuits and their instrumentation are installed during assembly. In the first place, the 13 kA main LHC dipole and quadrupole bus work, although not used for powering the insertion quadrupoles, must be installed to provide continuity of the arc circuits. Although the design of the bus bars follows closely that of the main magnets [4] , there are a number of differences, particularly in the position of the expansion loops, shown in Fig. 3 . Furthermore, as the main quadrupole bus bars are pulled through after the magnets are aligned in the half-shell, their leads ends have to be bent in situ to their final position.
The insertion quadrupoles are powered with three 6 kA round cables [5] routed through line-N (external to the helium vessel), which allow independent powering of the two apertures. In those quadrupoles which comprise two magnets, Table I , the apertures are powered in series, and the bus bars connecting the magnets are also 6 kA round cables. Several splices between the 6 kA round cables and the magnet Rutherford-type cable are therefore required. The solution developed is based on preparing the extremities of the round cable as two flat layers, and soldering the magnet leads in between. The connections on the lead side of the quadrupole, shown in Fig. 4 , are particularly challenging due to large number of splices and tight space. The lead side of the pre-series quadrupole after completion of the connections is shown in Fig. 5 , where the helium tight feed-through separating the helium volumes of the quadrupole and line-N is also shown. The same technique is used for interconnecting the 6 kA bus bars with the magnet leads of the second magnet, Fig. 6 .
C. Longitudinal Weld
Considerable effort has been spent for the development and qualification of welds, in particular of the longitudinal weld. The design finally adopted is a three pass MIG weld, shown in Fig. 7 , in a cavity formed by the shell chamfers and alignment key having the function of a backing strip. Before welding, the root faces of the two half-shells are in contact. Their inner circumference is larger than that of the yoke by 3 mm, corresponding to the weld shrinkage. After welding, the shells and the laminations are in contact around the circumference, nominally with zero interference. The longitudinal weld is performed in the 17 m welding press, Fig. 8 , revised for the production of insertion quadrupoles.
D. End Covers
The end covers used for closing the quadrupole helium vessel are identical to those of the LHC main dipole. However, many of their features had to be modified so that quadrupole-specific cryogenic tubing and other elements can be mounted. In general, the tolerances for positioning of the tubes are very tight, and special tools and procedures are necessary. In Fig. 9 , the set-up for welding of the cryogenic tubes is shown. Experience with the first end covers showed that the average offset of the extremities One of the most critical assembly stages is the welding of the end covers. Prior to this operation, the shells are cut to precise length and machined for mounting of the adapting rings, which compensate the difference in outer diameters of the shell and end covers. Due to the importance of the final positions of the cryogenic tubes, the final positioning of the end covers is controlled by a laser tracker. Before the final orbital weld, the end covers are tack welded and their position adjusted, as shown in Fig. 10 . The final step in completing the quadrupole extremities is the mounting of the BPM supports, Fig. 11 , also precisely controlled with a laser tracker.
III. ALIGNMENT MEASUREMENTS
The experience gained so far in assembly of the insertion quadrupoles is based on the assembly of the prototype, prealignment of five MQM magnets, and assembly of the 8 m long Q9 quadrupole (MQMC+MQM+MCBC magnets).
Before pre-alignment, the maximum values of the transverse offset and lamination twist of the magnets were 0.33 mm and 1.31 mrad. After pre-alignment, the maximum values were 0.21 mm and 0.51 mrad, respectively, confirming the effectiveness of the operation.
The alignment of the Q9 quadrupole is shown in Fig. 12 , where a comparison is shown of the alignment in the horizontal and vertical planes before and after welding of the half-shells. The measurements before welding are based on the position of the yoke alignment flats, while after welding, a measurement was made by tracking an auto-centering mole through the beam tubes. Both measurements are reported in the reference system related to the magnet center.
Contrary to the measurements of the yoke flats, the beam tube measurements give direct insight into the geometry of the magnet apertures. However, these measurements also include the tolerances of the bore tube (straightness and wall thickness) and its position within the aperture. Furthermore, before welding of the BPM supports, the beam tubes are free to move by as much as 1 mm in the ends. Also, the natural sag of the magnet in the vertical plane is of the order of 0.2 mm. In spite of all these effects, the two measurements coincide remarkably well, particularly in the center of the quadrupole.
The measurements of the end covers on the prototype showed that they are mounted within 0.16 mm of the magnet center, while the position of the beam tubes are on average off-centered by 0.22 mm. The cryogenic tubes are within 0.60 mm of their theoretical position. All values reported above are within the tolerances required for the geometry of the insertion quadrupoles. Although the tolerances are very tight, the initial experience demonstrates that the tooling and procedures are appropriate for this demanding work. 
IV. CONCLUSIONS
Several types of quadrupoles are required for the LHC insertions, ranging in length from 5.3 m to 11.3 m. They are all based on the same construction principle, where the welded half-shells provide the rigidity for aligning the magnets and serve as the helium pressure vessel. The tooling and procedures for the quadrupole assembly, including electrical connections, longitudinal welds and vessel closure, and the associated test procedures, have been developed and verified on models and a prototype assembly. The measurements of the pre-series quadrupole have shown that very strict requirements for magnet alignment can be met.
